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Small springs were implanted in the backskin of hair-
less mice to determine the effects of mechanical stretch-
ing on epidermal proliferation. The controls consisted of 
sham operated animals, in which the implanted springs 
did not exert any tension so as to identify any effect due 
to surgical trauma, and unoperated animals. There was 
a significant rise in the mitotic index after one day in 
both experimental and sham operated animals and a 
slight thinning of the stretched epidermis. After 2 days 
the mitotic index and thickness of the epidermis of the 
stretched skin were greater than that of the sham oper-
ated or unoperated control group and these differences 
were maintained after 4 days and were significant. At 
this time the stretched epidermis showed a hyperplastic 
response with a thickening of all cell layers. It appears 
that tension due to stretching increases the mitotic ac-
tivity of the epidermis leading to an increased progenitor 
cell population and subsequent tissue hyperplasia. 
In a steady state cell population such as that of mammalian 
epidermis cell proliferation in the deeper layers is normally 
matched .by the rate of cell desquamation at the surface. 
Changes in rate of either of these processes can upset the 
equilibrium and may cause changes in the size of the functional 
compartments of the tissue and subsequent thickening or thin-
ning of the epidermis [1]. One of the many factors that have 
been claimed to affect the rate of epithelial proliferation is 
mechanical stretching, a stimulus to which the skin is subjected 
in many physiologic as well as pathologic circumstances. Lorber 
and Milobsky [2] examined this effect using metal pins inserted 
into rat skin and· showed an increase in labelling index of the 
epidermis with ·~slight to moderate stretching" but a reduction 
in labelling with further stretching. Francis and Marks [3] used 
implants of Silastic silicone rubber materials in the dermis of 
guinea pigs to cause stretching and similarly found an increase 
in labelling index but no increase in epidermal thickness. More 
recently an investigation of the effect of mechanical tension on 
sheets of fibroblasts grown in culture [ 4] showed it to be directly 
related with mitotic frequency. 
This paper describes a study in which the effect of mechanical 
stress on epidermis is examined in vivo using a system in which 
the tension could be measured and biological effects of the 
operative procedure such as wound healing and inflammation 
separated from the purely mechanical effect by the use of 
appropriate controls. 
MATERIALS AND METHODS 
Mechanical stretching of epidermis was accomplished by implanting 
specially constructed springs into the backskin of hairless (hr / j) mice. 
The springs consisted of orthodontic arch hooks and coiled compression 
spring wire assembled as illustrated in Fig 1a. When the spring was 
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fully compressed to a length of 10 mm the device exerted a force of 
approximately 100 gm which dropped rapidly to 20 gm at a length of 
about 16 mm at the end of the experiment (4 days). Before implantation 
a soft latex rubber sleeve was placed over the spring to prevent abrasion 
of the underlying skin and the spring held compressed with a bgature 
of light wire (Fig 1a). 
Mice were anesthetized with intramuscular Innovar-Vet (0.03 ml/ 
animal; Pitman-Moore, Inc. New Jersey) and the spring implanted 
using a suture looped around each hook and through the full thickness 
of the skin and secured with a spot of cyano-acrylate adhesive (Fig 1b). 
This effectively prevented the suture tearing or being scratched out, no 
restraint of the animal being necessary. Immediately after implantation 
the spring was released by cutting the restraining ligature and the 
distance between the attachment hooks measured with vernier calipers; 
the force exerted by the spring was determined using a direct reading 
tension gauge. These parameters were recorded again immediately 
prior to sacrifice. The values for each parameter for each time interval 
were pooled and the means plotted graphically (Fig 2). 
The mice were acclimatized for at least 2 weeks before the experi-
ments began, being maintained under standard animal house condit ions 
with a 12 hr light and 12 hr dark cycle. Twenty-one male 5-week-old 
animals were divided into 3 groups; an experimental group of 9 animals 
in which the effect of mechanical tension was to be determined, a sham-
operated group of9 animals in which an uncompressed (relaxed) spring 
was implanted to examine the effect of surgical procedures and abrasion 
and, finally, a control group of 3 animals which were untreated. All 
implanted springs were oriented diagonally on the back rather than 
anterior-posterior or transversely in order to avoid interaction wi th the 
planes of superficial musculature (panniculis carnosus). 
Groups of 3 animals were sacrificed at the same time (13.00 hr) of 
day 1, 2 and 4 days after implantation of the springs except for the 
control group which were all sacrificed at the start of the experiment. 
To assess mitotic activity each animal was injected intraperitoneally 4 
hr prior to sacrifice with 2 mg/ kg body weight Velban (vinblastine 
sulphate; E li Lilly Inc., Indiana). The animals were killed by cervical 
dislocation and the entire piece of skin to which the spring was secured 
was removed and spread out on a Millipore fil ter to avoid cw·ling and 
facilitate orientation during embedding. The tissue was placed in 
buffered 2% glutaraldehyde-2.5% formaldehyde fixative [5] for 2 hr by 
which time the skin was hard enough to allow removal of the spring 
without any change in dimension. The tissue examined consisted of a 
rectangle of skin approximately 4 mm by 2 mm removed from the 
region beneath the spring and equidistant from the sutures by at least 
4 mm. This strip, consisting in the stressed skin of a series of ridges, 
was bisected in the long axis and one portion processed for histological 
examination using paraffin wax sections stained with haematoxylin and 
eosin and the other embedded in epoxy resin and examined as 0.5 JUll 
sections stained with toluidine blue. Sections were cut parallel with the 
tension vector and perpendicular to the skin surface. 
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All measurements were made from paraffin embedded material. One 
block was examined from each of the 3 animals in every group, from 
which three to eight 6 p.m sections, separated by at least 25 p.m, were 
taken. Counts of blocked metaphase figures were made in the interfol-
licular epidermis (although nude mice are nominally hairless vestigial 
follicles and numerous sebaceous glands are present in the skin) and 
related to the length of the dermal-epidermal interface measured from 
a tracing made by means' of a drawing attachment on the microscope. 
The mitotic index was expressed as the number of blocked mitoses per 
mm length of the dermal-epidermal interface. As the stretching of the 
epidermis may alter the length of the dermal-epidermal interface and 
hence basal cell density the expression of mitotic activity in terms of 
this parameter is open to question. To assess this possible error an 
estimate of basal cell density was obtained by counting the number of 
basal cells per mm length of dermal-epidermal interface in 3 sections 
each of one control and one stretched specimen at 1 and 4 days. The 
values for basal cell density were corrected to allow for the effect of 
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stretching the skin as determined by direct measurements made from 
the change in length of the springs as they contracted (Fig 2). 
The thickness of the nucleated (Malpighian) layer of the epidermis 100 
from the dermal-epidermal interface to the junction between the gran-
ular and keratin layers was measured using a calibrated eyepiece 
graticule oriented perpendicular to the dermal-epidermal interface; no 
fewer than 3 readings were taken from interfollicular epidermis in each 
section. 
A mean, standard deviation and standard error of the mean was 
calculated for each set of data for each group of animals at every time 
interval and the experimental group values compared with the sham 
operated and unoperated controls using an unpaired Student t-test. 
RESULTS 
1. Histological Observations (Fig 3) 
The normal epidermis of the hairless mouse is an undulating 
tissue consisting of 3-4 nucleated cell layers and a thin keratin-
ized layer. The basal cells are predominantly columnar, there 
are 1-2 rows of ovoid prickle cells and a thin granular layer (Fig 
3a). 
Stretching the skin caused minimal signs of overt damage. 
There was no evidence of an inflammatory response, although 
occasional extravasated red blood cells were seen in the con-
nective tissue. Mast cells, which are a frequent constituent in 
the lamina propria, rarely showed degranulation. After one day 
of stretching the epidermis appeared thinner than the control 
tissue with a remarkably flat basement membrane (Fig 3b). 
The basal cells were generally cuboidal and sometimes even 
slightly flattened and intercellular spaces were often visibly 
widened. Apart from an increased flattening of the prickle cells 
no other changes were evident. By day 4 the epidermis usually 
a 
FIG 1. a, lllustration of the compressed spring prior to implantation 
(upper) and in fully relaxed position (lower) ; marker represents 5 mm. 
b, Sp ing implanted into back of hairless mouse. 
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FIG 2. Graph to show the tension exerted by the implanted spring 
at various spring lengths and times during the experiment. 
showed a thickening that was in some cases marked (Fig 3c) 
with all the appearances typical of a hyperplastic response. 
Dividing cells were present in the basal and suprabasallayers 
and there was no clear distinction between basal and prickle 
cell layers, there being 3-6 layers of generally small, ovoid cells. 
The granular layer consisted of 5-10 cell layers containing 
numerous intensely basophilic granules, many of which were 
perinuclear and some, apparently intra-nuclear. The keratinized 
layer was thickened and loosely adherent piles of squames 
separated from the epidermis in the processed material. 
2. Quantitative Results (Tables I, II, III, Fig 4) 
Twenty-four hours after insertion of the springs the mitotic 
index of the epidermis from both experimental and sham-op-
erated animals had risen significantly (p < 0.01) above the level 
of the unoperated control values. However, among the operated 
groups the value for the experimental animals was significantly 
higher (p < 0.05) than that of the sham-operated ones. After 2 
days, values in both experimental and sham-operated skin 
declined, that of the experimental group remaining higher than 
the sham-operated skin and significantly above unoperated 
control levels (p < 0.01). After 4 days the experimental group 
was significantly higher than either the sham-operated (p < 
0.05) or unoperated control animals (p < 0.01) the mitotic index 
being 3 times greater than that of the sham-operated control, 
which had returned close to the unoperated control levels. 
When the values obtained for numbers of basal cells per unit 
length of dermal-epidermal interface are compared it can be 
seen that the values after both 1 day and 4 days of stretching 
are lower than that of the controls (Table II) . Thus values for 
the mitotic index expressed per unit length of dermal-epidermal 
interface will represent underestimates for the stretched skin. 
If the cell density is corrected to allow for the stretching of the 
tissue as estimated by the degree of extension of the spring (Fig 
2) it can be seen that although the value at 1 day was not 
greatly different from the control, there was a difference after 
4 days, there being more basal cells per unit length of basement 
membrane. 
Measw-ements of thickness of the cellular layer confirmed 
the impressions gained from histological examination. While 
there was no significant difference in thickness between sham-
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operated and unoperated controls, the stretched epidermis first 
showed a measureable but insignificant thinning after 24 hr 
(Fig 4b) and then a significant increase (p < 0.02) in thickness 
over the values for sham operated and unoperated controls at 
2 and 4 days, reaching a mean value that was approximately 
two and a half times the unoperated control value. 
DISCUSSION 
One of the major difficulties in expressing epithelial prolif-
erative activity in terms of a mitotic or labelling index is to 
FrG 3. a, Histological section of skin from a control mouse. The 
epidermis undulates and there is an irregular basement membrane. b, 
Skin from an experimental mouse after 1 day of s tretching. Note the 
straight basement membrane and the cubical or flattened basal epider-
mal cells. c, Skin from an experimental mouse after 4 days of stretching. 
The epidermis is thickened with numbers of mitotic figures in the 
deeper cell layers. The granular layer contains several layers of cells 
with darkly staining granules and the bulk of the keratin has separated 
from the surface. All micrographs from epon embedded sections stained 
with toluidine blue and reproduced at the same magnification (reduced 
· from X475) ; marker represents 50 f.!m . 
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TABLE II. Number of basal cells per mm length of dermal-
epidermal interface related to stretching (mean ± SEM) 
No. cells per % increase in No. cells per 
stretched length length due to 1 ength corrected stretching for stretching 
Control 131.53 ± 3.25 0 131 
(n = 3) 
Stretched skin l 97.27 ± 4.74 20% 116 
day (n = 3) 
Stretched skin 4 118.22 ± 5.73 60% 188 
days (n = 3} 
select a m.eaningful reference point. This is easy when compar. 
ing stable systems such as different regions of skin but becomes 
problematical when the tissue is itself undergoing change. In 
cases where the change represents an alteration in cell com. 
partment size the use of basal cells or "progenitor" cells as a 
fiducial marker is unjustified unless the growth fraction is 
accurately known and parameters such as surface length or 
length of dermp.l-epidermal interface are more useful [6]. How. 
ever, in stretching experiments th2se parameters are also likely 
to change. In the present study it was possible to obtain some 
estimate of the error involved in using dermal-epidermal inter-
face length as a reference point by detennining the number of 
basal cells per unit length of dermal-epidermal interface in 
stretched and unstretched skin; the decrease observed in this 
value in stretched specimens at both 1 and 4 days in the face of 
an actual increase in mitotic index would suggest that this 
increase is not only real but probably an underestimate. 
Another problem in evaluating the effect of stretching on 
skin in vivo is to be able to identify and separate changes 
resulting purely from tensile stress from those associated with 
the method of exerting the force. In the present study the latter 
included the effect of suturing the spring into the skin and the 
physical contact between spring and epidermis. By the use of 
sham operated controls, by surrounding the spring with a soft 
rubber collar and by taking specimens remote from the suture 
sites it was possible to reduce these influences to a minimum. 
This is shown by the absence of marked tissue changes in the 
histological preparations of the sham-operated controls and by 
the statistically significant differences which emerged between 
the data from the stretched skin and that of the 2 controls over 
the experimental period. Nevertheless it was not possible to 
completely rule out all extraneous effects due to the presence 
of the device. The transient rise in mitotic index at 1 day after 
implantation of the sham control spring may be due to either 
the surgical trauma or the direct stimulus of the spring on the 
skin surface. Bullough and Laurence [7] have shown that gentle 
massage of mouse skin with the finger can cause a doubling of 
mitotic rate and Mackenzie [8] found that mitotic activity as a 
result of light brushing of mouse ear epidermis was 3.6 times 
higher than in controls within 24 hr of applying the stimulu . 
However as the increased mitotic rate was not maintained 
beyond 24 hr in the sham-operated controls, despite the contin. 
ued presence of the spring, it is likely that the phenomenon is 
the result of the stress of anesthesia and surgery which m ay 
have delayed the entry of normally proliferating cells into 
TABLE l . Mitotic Index (number of mitotic figures jmm dermal-epidermal interface) mean± SEM 
Skin stretched 
with spring 
Skin unstretched 
with spring 
(sham operated) 
Unoperated control 
skin (no spring) 
0 
0.25 ± 0.04 
(n = 12) 
1.05 ± 0.13"b 
(n = 12) 
0.61 ± 0.08" 
(n = 8) 
" Value significantly different from unoperated control at p < 0.01. 
Day 
"
1
' Value significantly different from corresponding sham operated controls at p < 0.05. 
2 
0.61 ± 0.06" 
(n = 24) 
0.41 ± 0.09 
(n = 15) 
4 
0.90 ± 0.14"b 
(n = 9) 
0.35 ± 0,07 
(n = 15) 
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TABLE III. Thickness of the epidermis (Malpighian Layer) in JLm mean± SEM 
Day 
0 2 4 
Skin stretched 
with spring 
Skin unstretched 
with spring 
(sham operated) 
Unoperated control 
skin (no spring) 
15.83 ± 2.19 
(n = 27) 
18.67 ± 1.38 
(n = 24) 
21.25 ± l.04"b 
(n = 27) 
15.00 ± 0.14 
(n = 27) 
38.00 ± 4.49"b 
(n = 27) 
18.70 ± 1.32 
(n = 27) 
17.00 ± 0.71 
(n = 27) 
a Value significantly different from unoperated control at p < 0.05. 
b Value significantly different from corresponding sham operated control at p < 0.02. 
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FIG 4. Graphs of (a) mitotic index and (b) thickness of epidermis 
plotted against time. Time zero is the control value; vertical bars 
represent ± SEM. 
mitosis for approximately 24 hr when their release would create 
the observed peak [9]. 
The effect of stretching on mitotic index is generally in accord 
with several other reports using skin in vivo [2,3] or cultured 
cells [ 4] all of which show increases of a similar magnitude after 
applying tension apart from Lorber and Milobsky's [2] fmding 
that "marked tension inhibited cell division". As the applied 
force has not previously been quantitated it can only be sup-
posed that such an effect may be operative at loadings above 
that used in this study (i.e. 100 gm or more) when tissue damage 
may ensue. However given the short duration of the experiment 
and the change in tension during this period it is not possible to 
comment further on how dependent the epidermal responses 
are to magnitude and duration of tension. The reason as to why 
stretching might lead to an increase in mitotic frequency has 
been discussed by Curtis and Seeber [ 4] who suggested that 
the increase in tension within the cells stimulates the cell cycle, 
possibly by involvement of the microfi.lament system. 
The hyperplasia induced by stretching involved an increase 
in the progenitor cell population, as judged by the presence of 
mitotic figures in the 3 deepest cell layers and the morphology 
of the cells. This population also consisted of more numerous 
and hence smaller cells. These features, together with the 
thickened granular layer and piling up of keratin closely resem-
ble the hyperplasia induced by other means such as friction 
[10]. Francis and Marks [3] were not able to detect an increase 
in thickness as a consequence of stretching although they did 
suggest there was an enlarged progenitor cell population. As 
they did not observe basal cell hyperplasia it is possible that 
their increased labelling index could be accounted for by an 
increase in growth fraction. It is also possible that there was 
sufficient distension of the skin in their model to accommodate 
the increased cell production "laterally" so that the change was 
not a typical hyperplastic one. 
Basset [11], in an account of the effect of force on skeletal 
tissues, has pointed out that there is much evidence that rate 
of synthesis, orientation and maintenance of many connective 
tissues are, in part, stress dependent. It is likely that the 
epidermis, which is also frequently subjected to stress in normal 
and pathologic situations, may behave like these other tissues. 
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